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ABSTRACT:
Cu-SSZ-13 efficiently catalyzes the selective catalytic reduction (SCR) of NO by NH 3 but the structure of the active site and, particularly, the redox state of the copper (+I or +II) are still debated. This paper focuses on the possible contribution of Cu I species with a theoretical investigation of adsorption and co-adsorption of NH 3 The confined Cu I complexes interact with the zeolite framework through several H-bonds donated by the NH or OH bonds of the ligands. In the experimental temperature and pressure domain of SCR conditions, calculated phase diagrams show that coordination number of two is predicted for the co-adsorption of NH 3 1-2 Cu-exchanged zeolites and, particularly, Cu-SSZ-13 were reported as some of the most active catalysts [3] [4] [5] [6] [7] for the selective catalytic reduction (SCR) of NO x by NH 3 or hydrocarbons. [8] [9] [10] [11] The development of such materials requires a better understanding of the reaction mechanisms and a deeper knowledge of zeolite structures in the presence of hosted molecules. Thus, the structure of the catalysts and the evolution of the active species during the catalytic reactions have been analyzed with in situ/operando spectroscopies such as IR, X-ray Absorption Spectroscopies (XAS) and X-ray Emission Spectroscopies (XES). 6, [12] [13] [14] [15] [16] [17] [18] The spectroscopic signals are most generally assigned using reference compounds and computational chemistry, in an iterative process. Such strategies provided indications that isolated redox Cu I/II species are active sites in the Cu-SSZ-13 catalyst and provided geometric structures, oxidation states, and structure evolutions of the catalysts during SCR of NO by NH3. 12, 14, [19] [20] [21] [22] [23] [24] [25] There are strong spectroscopic indications that the valence state, the coordination and the position of the copper metal active site change upon addition of reactants and formation of products during the SCR of NO by NH 3 on Cu-SSZ-13 catalyst. However, the relationship between the spectroscopic signatures and the structure of the copper species in Cu-SSZ-13 is not straightforward. There is still a debate concerning the location, the coordination number (CN) and the oxidation state of Cu in Cu-SSZ-13 during SCR of NO by NH 3 . Among the computational chemistry methods, Density Functional Theory-based quantum chemistry is one of the most accurate and useful method to describe material structures containing transition metal ions. It allows predicting how the metal active site structure evolves upon addition of the reactants. Providing very accurate data for materials, DFT-based quantum modeling has to be considered as a theoretical tool to predict solid properties or as a complement of spectroscopic experimental data.
22-23, 26
The adsorption of gas molecules in solid porous catalyst is an essential step in heterogeneous catalysis and the present theoretical study focuses on the adsorption of both H 2 O and NH 3 on the 21 and pressure domains of the SCR.
COMPUTATIONAL METHODS

Models
Zeolite SSZ-13 has a chabazite (CHA) structure. To calculate phase diagrams, the fully optimized structure (NH 3 ) 2 Cu I -SSZ-13 unit cell parameters were considered as a starting geometry for all the structures containing co-adsorbed ammonia and water and for all the structures containing ammonia or water only. The unit cell parameters (a=9.2968 Å, b=9.4111Å, c= 9.2282Å, =93.34°, =92.68° and =94.88°) were kept fixed while all atom positions were allowed to relax during geometry optimizations.
Free NH 3 and H 2 O were optimized both using the present periodic unit cell and also using a molecular approach.
Methods
Calculations were performed with the hybrid B3LYP exchange-correlation functional, [35] [36] using the massively parallel versions of the periodic ab-initio CRYSTAL09 and CRYSTAL14 codes. 37, 38 B3LYP includes exact Hartree-Fock exchange, which provides more accurate binding energy values in the modeling of copper complexes. 39 The electronic structures were computed with all-electron Gaussian basis sets: 6-311G ( The Hessian matrices were calculated systematically for all the complexes to ensure that the geometries are minima on the potential energy surface. SCF convergence was set to 10 -7 Hartree for the energy. Harmonic vibrational frequencies were calculated at the gamma point.
Thermodynamic functions were calculated on the basis of statistical mechanics equations available in the CRYSTAL14 program.
The Gibbs free energies were calculated according to the approach detailed in ref. 32 by considering the rotational, translational, and vibrational degrees of freedom for gas-phase water and ammonia, and the vibrational degrees of freedom only for the zeolite models. The Gibbs free energy values were calculated at a temperature domain between 398 and 698 K and a pressure of 1 Atm.
The cumulated adsorption energies E of H 2 O and NH 3 on Cu I -SSZ-13 were calculated as the electronic energy difference E (equation (1)).
Eq. (1) with L=H 2 O, NH 3 and x, the number of ligands (1 ≤ x ≤ 4).
The configurations are labeled (n,m) with n and m the number of adsorbed H 2 O and NH 3 molecules respectively, with 0≤n≤4, 0≤m≤4 and 0≤n+m≤4.
All electronic energies of adsorption are corrected from basis set superposition error (BSSE) using correction terms for the energies of the free ligands, water and ammonia, after a thorough study of the counterpoise correction. 42 For all complexes, we evaluated the BSSE by calculating 9 the counterpoise correction for the interaction of each ligand with copper in the complex. For instance, with the adsorption structure (2,2), we calculated the four terms of the counterpoise correction for each of the four ligands (e. g. 16 SCF energy calculations) in interaction with the complex of copper coordinated with the three other ligands in the zeolite. From all these calculations, we evaluated the energy differences when the wavefunction of the partner (ligand or complementary complex) is calculated with its own basis functions or with the full set available in the adsorption structure. Considering all the adsorption structures, for the partner water, the addition of the ghost functions at fixed geometry lowers the energy by 20 ± 5 kJ.mol -1 ;
for ammonia, 35 ±5 kJ.mol -1 ; and for the coordinated copper, 18 ±7 kJ.mol -1 . As previously reported 43 and confirmed here, the stabilization due to the ghost functions strongly depends on the environment of the partners in interaction. In the present case, the counterpoise correction seems delicate to be applied as usual for two main reasons: firstly, from an adsorption complex to another, the coordination geometry of the copper complex changed dramatically and secondly, the complexes are stabilized with several versatile H-bonds between oxygen atoms of the zeolite framework and the O-H/N-H bonds of the ligands. As the counterpoise correction is known as overestimating the BSSE, we included only part of the counterpoise correction in order to describe the ligand exchange more accurately. As a compromise solution, we neglected the contribution from the coordinated copper part. From our methodical study of the stabilization terms, we assigned an average correction for the energy of the free ligands: -20 kJ.mol -1 for free water and -35 kJ.mol -1 for free ammonia.
A special attention was paid to investigate the structures of complexes after the addition of 2 
RESULTS AND DISCUSSION
1. Cu-SSZ-13
Geometry optimisation of Cu I -SSZ-13 led to three structures, A, B and C with Cu I located in three different positions in the largest cage ( Figure 2 ). In agreement with previous DFT results, [45] [46] the most stable structure A has a Cu I at site I while the less stable structure C has a Cu at site IV'. [33] [34] The intermediate structure B has a Cu at site IV (Table 1 ). finite temperature, the structures B and C with CN of 2 that we calculated for CuI in 8MR could play a role and we decided to include the three structures in the thorough study of the ammonia adsorption, even if the energy differences between A, B and C are large.
2. Addition of pure NH3 and H2O in Cu-SSZ-13
As the linear dicoordinated complexes of CuI are particularly stable, we started the modeling of adsorption with a deep investigation of the PES for the formation of (NH3)2-CuI-SSZ-13.
From the three structures A, B and C, the addition of two NH3 molecules in the first coordination sphere of CuI led to several minima. Figure 2 shows the most stable X, Y and Z 13 optimized geometries (see Table S3 for the geometric parameters). Note that all other structures (for different adsorption stoichiometries) are reported in figure S1 . Upon addition of two NH3 molecules, copper exchanges its framework oxygen ligands with NH3 ligands and moves toward the 8MR window of the SSZ-13. In the three most stable optimized geometries X, Y and Z, CuI gets far away from the zeolite walls and interacts with the zeolite through its second coordination sphere. This is illustrated by a significant increase of the Cu...Al bond distance larger than 3 Å. For the three geometries, copper is twofold-coordinated to two NH3 molecules (Table S3) with Cu-N below 2 Å. The energy difference between the two most stable structures X and Y is 19 kJ.mol-1 using B3LYP (Table S3 ). This is significantly smaller than the energy difference of 43 kJ.mol-1 between the structures A and B without NH3 (Table S1 ).
The most stable structure is the X structure, as already reported.17, 49 In structure X, the two Table S4 ). The present NH3 and H2O adsorption energy values are smaller than previous reported values, most probably because the present quantum calculation method is different and because the calculated configurations exhibit different structures, in contrast with previous studies.14, 22, 24, 28, 45 As expected with Cu I , the ammino complexes are much more stable than the aquo complexes. 
Co-adsorption of NH 3 and H 2 O on Cu-SSZ-13
The energy diagrams of the co-adsorptions of NH 3 and H 2 O were calculated from addition (or elimination) of ammonia and water ligands (L) on the X structure. All the combinations were optimized for NH 3 and H 2 O and only the most stable structures are reported (Table S5 , Figure   S1 ). Whatever the configurations, Cu I is located in the 8MR window. The Cu...Al distance varies in a large extent from 3.38 to 4.96 Å, evidencing that, upon adsorption of water and/or ammonia, copper complexes move a lot in the channel containing the 8MR, either in position or in orientation.
The (n,m) configurations were used to build the thermodynamic stability domains of the adsorption of NH 3 and H 2 O with respect to NH 3 and H 2 O partial pressure, respectively. The phase diagrams for pure NH 3 and H 2 O are given in Figure 5 . are used in the following discussion to better understand how the copper CN evolves in the experimental conditions. We will focus on the treatment of the Cu-SSZ-13 catalyst before the SCR experiments, and more precisely on the two first steps: the thermal dehydration of the copper-exchanged zeolite and the adsorption of ammonia.
To study the dehydration of the catalyst, Doronkin et al. 32 quantified by in situ EXAFS the evolution of the CN of copper as a function of the dehydration temperature, for an estimated residual partial pressure of 10 -5 bar. According to the thermodynamic diagram shown in Figure   5 -(b), in these conditions Cu I is always adsorbate-free, so that its CN is expected to be constant at three (the three ligands being framework oxygen atoms). This means that the thermal evolution of the coordination number is mainly driven by the behavior of Cu II , which was indeed explained by periodic ab initio calculations in ref. 32 . Experimentally, below 400 K the average CN of copper was close to 4.3 and dropped at 3.7 above 400 K, which is only partially rendered by the theoretical predictions made for Cu II . 32 Indeed, considering the existence of Cu II only does not explain the appearance of CN lower than 4 in these temperature conditions. Considering the co-existence between Cu II (with CN = 4) and Cu I species (with CN = 3) better explains this feature. Above 673 K experimentally, the CN of copper further drops at 3.0, which could only be explained by the predominance of Cu II at the 8MR site in these conditions. 32 Now, such a CN is also compatible with the CN we quantify here for Cu I free from adsorbates. Note however that the amount of Cu I is likely very low in these dehydration conditions, considering the quasiabsence of the XANES features typical of Cu I (prominent peak at the rising edge at 8983 eV). 32 Adding ammonia in the feed (10 -3 bar) was observed to promote the reduction of part of the 32 From EXAFS, the coordination number of copper decreases as the temperature increases, reaching a minimal value of 2 for a critical temperature that depends on the absence / presence of water, being equal to about 500 K / 623 K respectively. Our calculations for Cu I predict the desorption of one ammonia molecule at 500 K in these conditions (Figure 6a ), leading to a decrease of the coordination number from 3 to 2 (the ligands being ammonia molecules only, even for the highest temperatures sampled). This is in excellent agreement with the experimental observation made in the absence of water. 32 In the presence of water, the shift of the critical value at higher temperature (623 K) is compatible with a non-negligible role of Cu II in these conditions.
Altogether, the combined consideration of the thermal stability of Cu II and Cu I species thanks to the thermodynamic diagrams provides a unified view of the reactions taking place as a function of the temperature. Note however that according to our predictions, ammonia is expected to be present in the coordination sphere of Cu I , whatever the temperature. This is in contradiction with Linear Combination Analysis of XANES spectra as provided in ref. 32 suggesting the dominance of such species above 673 K. We can indeed not exclude the existence of a distribution of species rather than the existence of a single one, our thermodynamic diagrams providing a very discrete insight in a phenomenon that is actually more statistical than depicted by the diagrams.
